either via overall elevated TPC or via broadened TPC 16, 17, 28 . The key temperatures at which performance (e.g. growth or yield of bacteria) is zero, the 1 0 8 optimum temperature (T opt ) at which performance is maximal, and the maximum 1 0 9 value of performance itself (µmax). In addition to these parameters, variation in TPC 1 1 0 can also be characterized using principal component analysis in order to identify the 1 1 1 main patterns of performance variation among the genotypes 29, 30 . However, the 1 1 2 latter method has been rarely applied to thermal performance data in bacteria. In the present study, we measured bacterial growth at five different Finland, and in the near future) in order to characterize the temperature dependence Finland. Based on this data, we examined (i) variation of thermal performance in 1 1 8
isolates, and (ii) the link between thermal performance and bacterial virulence, using 1 1 9 virulence data measured in a separate experiment. We showed that Finnish isolates 1 2 0 differed in maximum yield and limits of thermal range, and that their good tolerance 1 2 1 to high temperatures was linked to lowered virulence. We used 49 Finnish F. columnare isolates for which genotypes were previously determined by the conventional MLST method using six loci 31 (Supplementary 1 3 0 Table 1 ). All strains, belonging to broadly defined genetic group characterized by 1 3 1 good low-temperature tolerance (genomovar I) 31, 32 , were originally isolated from 1 3 2 eight fish farms, from both Southern (approx. 65° N) and Northern (62°N) parts of Bacterial isolates were grown overnight in modified Shieh medium under was mixed with 60 µl of 10% of glycerol and 10% of fetal calf serum mixture on 100-
well Bioscreen C® plate in a randomized order and stored at -80°C. Prior to growth order to facilitate the biological interpretation of the patterns of variation described by each PC, we predicted the TPC of hypothetical strains located at the extreme PC using the inverse of the PCA matrix. were infected using bacterial cultures grown overnight in fresh modified Shieh bacterial strain were individually challenged in 500 ml of water by adding 500 µl of has been shown to produce a rapid onset of disease in fish, bringing out strain 2 5 3 differences 37, 38 . As a control, 10 fish were individually exposed to 500 µl of sterile 2 5 4
Shieh medium. Disease signs and fish morbidity were monitored in two hour 2 5 5 intervals for 97 hours. Morbid fish that had lost their natural swimming buoyancy, and which did not respond to external stimuli, were considered dead and removed The effects of MSLT genotype group (categorical variable, 4 levels), year of 2 6 6 strain isolation (continuous variable) and geographical location (categorical variable, 2 6 7 2 levels: Northern and Southern Finland) on thermal performance were assessed 2 6 8 using model selection starting from a full linear model specified as: where Performance was either one of the thermal performance curve parameters between Group and Year or Group and Location was included in the starting model due to the imbalanced distribution of strains from different MSLT genotype groups across the years or across the geographical range of our study. Model selection was performed iteratively: at each step, variables were dropped one at a time and the 2 7 9 significance of the change in fit for each dropped variable was tested using a Chi- (death/survival). The effects of explanatory variables on fish death were estimated 2 8 9 using generalized linear mixed models (binomial family) with a logit link function 2 9 0 and using strain identity as a random factor. Two full models differing in how they (ii) TPC parameters) were used as starting models. The fixed effects used in those 2 9 3 two initial models were: (ii) MLST genotype, year, location, µmax, Topt, and CT50/high (46 strains) 2 9 7 2 9 8 CT50/low and TPB were not included in full model due to colinearity with CT high any thermal performance variable included in the initial starting models since we
wanted to consider all the thermal performance characteristics simultaneously in the 3 0 8 models. We used the DHARMa package in R 39 to assess the correctness of the with CT 50/low but not with CT 50/high , which reflects a horizontal shift of the left-hand 3 2 3 part of the TPC while maximum thermal tolerance would be more constrained. Finally, µ max was positively correlated with CT 50/low and negatively correlated with larger range of temperatures and higher maximum performance. 
Principal components describing variation in thermal performance
We selected the first three principal components, which accounted for 93% of (describing 46% of the variation) is related to an increase in the thermal performance The MLST genotype affected all calculated thermal performance parameters (µ max , T opt , CT 50/low , CT 50/high and TPB) ( Table 1) . Year effect was close to significance 3 4 7 for µ max , with maximum performance decreasing slightly over the years (Table 1) .
Geographical location had no significant effect on any TPC parameter.
4 9
Location had a significant effect on PC2 coordinates, with Northern strains between maximum performance and cold tolerance, Figure 2 ). When the effect of thermal performance on virulence was analysed using TPC virulence ( Figure 3B , Table 3 ).
Among analysed TPC parameters, only CT 50/high had an effect on virulence 3 6 1 (Table 4) : strains with higher tolerance to high temperatures were less virulent. When the effect of thermal performance on virulence was analysed using PCs (49 3 6 3 strains used), both year and PC1 coordinate had a significant effect on virulence:
strains collected more recently were more virulent (similarly as observed using TPCs) and more generalist strains had lower virulence (Table 4, Figure 3A ). There is a growing body of evidence indicating that some pathogens become pathogens, pathogens with free-living stages and ectothermic hosts are particularly susceptible to changes in temperature because temperature can have complex and opposing effects on different parts of the pathogen life cycles 8 . We explored if strains of an aquaculture-associated pathogen vary in their thermal performance, information is crucial in predicting how future climate change scenarios could alter performance. In theory, due to co-evolutionary shifts in both host and the pathogen, We characterized the temperature dependency of maximum biomass between strains. Our results revealed that despite northern location Finnish F. 27.9°C and an upper critical temperature for yield between 30.1°C and 34.7 °C. Finnish lakes form predominantly closed and shallow basins (average depth about 7 3 9 7 metres) and surface waters may reach high temperatures in summer. Tolerance to 3 9 8 high temperature might be necessary for inhabiting natural waters during summer Southern Finland (see: PC2 in Figure 2 and effect of location on PC2 in Table 2 ). Our On the other hand, ample amount of genotype dependent variation in all TPC Guijarro et al. 48 showed that numbers of bacterial diseases in aquaculture, conditions where confounding effects such as increased environmental temperature, 4 3 7 variable nutrient availability or variable host density were removed (year effect in 4 3 8 Table 3 and Table 4 and figure 3-B) (see also 51 ). Thus, yearly increases in virulence 4 3 9 could be a consequence of increased growing season, due to intensified fish farming 4 4 0 51 , or due to some other time associated change in environment.
1
We showed that maximum performance was overall negatively correlated In conclusion, it seems that current problems with steadily increased severity Elina Laanto for donating bacterial isolates for this study. We would also like to OLVI foundation (Roghaieh Ashrafi #201620393), the Jane and Aatos Erkko The authors declare no competing interests; financial or otherwise. Annual Review of Ecology, Evolution, and Systematics, 637-669 (2006) . Rev. Phytopathol. 20, 143-166 (1982) . 9. Day, T. Virulence evolution via host exploitation and toxin production in Columnaris disease in fish: a review with emphasis on bacterium-host interactions. 1986. Int. J. Syst. Bacteriol. 39, 346-354 (1989) . thermal performance curves and body temperatures? Ecol. Lett. 19, 1372 Lett. 19, -1385 Lett. 19, (2016 . significance of acclimation: a strong inference approach. Am. Zool. 39, 323-336 (1999) . tolerance measurements at constant temperatures incorrectly predict the ability to 5 9 1 tolerate fluctuating temperatures. J. Evol. Biol. 28, 800-806 (2015) . varying environment. Genet. Res. 72, 25-37 (1998) . performance. Trends in Ecology & Evolution 4, 131-135 (1989) . Flexibacter columnaris. Fish Pathol. 23, 91-94 (1988) . columnaris) from diseased fish. J. Clin. Microbiol. 35, 322-324 (1997) . Dis. Aquat. Org. 77, 191-198 (2007) . Table 3 . Effect of strain characteristics on virulence (using PCs coordinates).
Model used in R: death ~ genotype + year + location + PC1 + PC2 + PC3 + (1|strain),
with a binomial family distribution and a logit link function. Marginal means and
